Apoptotic cell death is characterized by a dramatic mor phological transformation during which apparently healthy cells suddenly initiate a comprehensive program of motility changes and degradative activities that culminates in disassembly of the cell into membrane-enclosed vesicles. The mechanism of the cellular changes during this spec tacular execution phase of apoptosis is just now yielding to biochemical analysis. In our laboratory, we have applied a novel in vitro system to the study of these events. In this system, nuclei isolated from healthy cells undergo the char acteristic changes of apoptosis rapidly and synchronously. Using this system we have identified the first substrates for interleukin-1 (3-converting enzyme (ICE)-like proteinases during apoptotic execution. One of these, the nuclear
INTRODUCTION

Apoptosis and mitosis
T he tw o m ost dram atic m orphological transform ations observed in som atic cells occur at m itosis, w hen they divide, and in apoptosis, w hen they die. In each case the transform a tion is necessary to perm it the cell to carry out a particular spe cialized m ission. In m itosis, this m ission is to segregate the chrom osom es to tw o daughter cells precisely. In apoptosis, the m ission is fo r the cell to disassem ble itself in such a w ay that it is readily phagocytosed by its neighbors, thereby elim inat ing the risk o f inducing auto-im m unization or inflam m ation.
M itosis and apoptosis share a num ber o f sim ilarities. Both processes involve a sudden and dram atic rounding up o f the cell, a dram atic condensation o f the chrom atin, and a fission or fragm entation that appears to involve an acto-m yosin-based m otility m echanism . Perhaps because o f these sim ilarities, it has been suggested that apoptosis may be a form o f deviant m itosis in w hich an im balance in the regulatory netw orks leads to death (Ucker, 1991) . O ne possible m odel for this process in the low er eukaryotes m ight be 'm itotic catastrophe', w here cells are forced to enter m itosis so early in the cycle that the enzyme poly (ADP-ribose) polymerase is cleaved very early in the apoptotic process. A second class of proteins, the nuclear lamins, is cleaved later in the pathway. Lamin cleavage requires a second ICE-related proteinase, and is essential for the complete dissolution of nuclei into apoptotic bodies. Studies with our cell-free extracts reveal that the various proteinases and nucleases that operate during the execution phase of apoptosis do so largely in independent parallel biochemical pathways. However, all of these pathways require the action of ICE-related pro teinases for their initiation.
Key words: apoptosis, nucleus, transformation, ICE-like proteinase, nuclear lamin effort turns out to be fatal (Russell and N urse, 1987) . A lthough this analogy is tem pting, it is probably fundam entally incorrect.
C urrent understanding o f the m echanism s that drive cells into apoptosis is incom plete. N onetheless, recent studies suggest that these m echanism s are profoundly different from the now w ell know n forces that trigger the entry into m itosis (N urse, 1990) . M itosis is a transient state that is integral to the expansion o f cell populations. T he entry into m itosis is driven by a transient and reversible m echanism based prim arily on protein phosphorylation and dephosphorylation. T he abrupt nature o f the transition is arranged by establishing a delicate balance betw een several levels o f protein kinases and phos phatases. T he exit from m itosis is triggered by a highly selective protease that targets the cyclin cofactors o f p34cdc2, thereby resetting the cycle to a state w here choices can be m ade betw een continued propagation or term inal differentiation. In contrast, apoptosis is a term inal state: at its com pletion, the cell ceases to exist. In this case, events are driven by irreversible agents including proteinases and nucleases that destroy key com ponents o f the cell. A lthough not form ally proven, the abrupt entry into apoptosis is likely m ediated by a proteinase cascade. A s a result, the cell is driven inexorably tow ard death once the process starts. T here is no resetting o f the cellular m achinery for a subsequent cell cycle.
Is apoptosis a form o f deviant m itosis? Probably not. There are w ell docum ented exam ples o f cell types in w hich the m itotic kinase p34cdc2 is not activated during apoptosis (N orbury et al., 1994; O berham m er et al., 1994) , although apparent counter-exam ples exist (Shi et al., 1994) . A lso, in our cell-free system (see below ), extracts can be depleted of p 3 4 cdc2/p 3 3 cdk2 without affecting the course o f apoptotic events (Lazebnik et al., 1993) . W e have also show n that intact cells undergoing apoptosis do not express the M PM -2 phospho-epitope, a universal m arker for m itotic cells (Lazebnik et al., 1993; D avis et al., 1983) .
The phases of apoptosis
In thinking about the apoptotic process and its control, it is im portant to distinguish betw een tw o different phases, a latent (com m itted or condem ned) phase, and an active (execution) phase. It is now apparent that apoptosis can be provoked in one cell type or another by a variety o f stimuli, ranging from per turbations o f cell-cell contact to D N A dam age to viral infection to the presence o f certain horm ones to the absence o f survival factors (Ellis et al., 1991; W illiam s et al., 1992; Schw artzm an and Cidlowski, 1993) . Upon receiving an apoptosis-prom oting stimulus, cells becom e com m itted to apoptosis (the biochemical nature o f this com m itm ent is not understood). As a result o f that com m itm ent, cells enter the first stage o f apoptotic death, a stage that might be term ed a condem ned phase (Eam shaw , 1995) . Although condem ned to apoptosis, the cell appears overtly norm al and may even continue to traverse the cell cycle. The events that occur during this phase are not w ell understood and seem to vary betw een different cell types. In some cells, RNA and protein synthesis are required for subsequent apoptotic events, in others no need for protein synthesis can be dem on strated (Ellis et al., 1991; W illiam s et al., 1992; Schw artzm an and Cidlowski, 1993) . In addition to this variation between different cell types, another feature o f the condem ned phase of apoptosis that has m ade it difficult to study is its variable length. It appears that the length o f the condem ned phase is determ ined by a stochastic mechanism. Thus, even for synchronous popu lations o f clonal cell populations, the variability o f this phase makes it im possible to obtain uniform populations o f cells pro gressing through apoptotic execution in synchrony.
T here is the possibility o f a reprieve throughout m ost or all o f the com m itted phase. A num ber o f proteins are now know n to protect cells against apoptotic stim uli. T hese include the bcl2lced9 and bcr-abl oncogenes (Reed, 1994; O ltvai and K orsm eyer, 1994) and the DAD1 gene (N akashim a et al., 1993) . In the absence o f these genes, how ever, cells exposed to an apoptotic stim ulus ultim ately undergo the rapid and dram atic events o f apoptotic execution. This phase o f apoptosis is extrem ely rapid: For certain cultured cells the entire process m ay be com pleted in 15 m inutes (G. E van, personal com m u nication), and for m ost cells the process requires w ell u nder an hour.
It is this active phase that w ill be addressed in greater detail in the com m ents and experim ents presented below.
Specific factors involved in apoptotic death
T he first proteinase know n to be responsible for triggering cell death processes was identified in the nem atode C aenorhabditis elegans as the product o f the ced-3 gene (Y uan and H orvitz, 1990) . In th e nem atode, all 131 cells that die during m orpho genesis o f the herm aphrodite require functional ced-3 gene product in order to die at the proper tim e. A breakthrough in our understanding o f the w ay in w hich ced-3 protein activates the death pathw ay cam e w ith the realization that the predicted ced-3 polypeptide shares significant sequence sim ilarity w ith a w ell characterized cysteine proteinase, IC E (interleukin-1(3-converting enzym e; Y uan et al., 1993) . IC E cleaves the 33 kD a p ro -in terleu k in -1(3 precursor at tw o sites, ultim ately releasing the 17 kD a m ature in terleu k in -1(3 polypeptide, a m olecule that appears to be involved prim arily in the inflam m atory response. B ased on sequence sim ilarities w ith the active site o f ICE, a num ber o f cD N A s encoding ced3/IC E -related proteins have now been cloned including the products o f the N edd-2 (Ich-1) (K um ar et al., 1994; W ang et al., 1994) and CPP32 genes (Fernandes-A lnem ri et al., 1994) .
Support for the view that IC E can trigger apoptosis in m am m alian cells com es from tw o types o f observations. First, crm A , a viral serpin that w as thought to be a specific inhibitor o f ICE, has been observed to protect cells from apoptotic death induced b y factor w ithdraw al (G agliardini et al., 1994) , T N F treatm ent (Tew ari and D ixit, 1995) , and activation o f the Fas pathw ay (Tew ari and D ixit, 1995) . H ow ever, it has been suggested that crm A m ight not be specific for IC E -related enzym es after all (K om iyam a et al., 1994) , raising questions about the interpretation o f these results. Second, IC E and several related enzym es have been show n to induce apoptotic death w hen introduced into cultured cells (M iura et al., 1993; K um ar et al., 1994; W ang et al., 1994; Fernandes-A lnem ri et al., 1994) . A lthough these results initially provided strong evidence for the role o f IC E fam ily m em bers in the initiation o f apoptosis, recent results suggest a potential problem w ith these studies. Introduction o f the non-specific proteinases chy m otrypsin, trypsin and proteinase K into a variety o f cultured cells can also result in apoptotic death (W illiam s and H enkart, 1994) . C ells loaded w ith these nonspecific proteinases exhibit the norm al hallm arks o f apoptosis: chrom atin condensation and digestion o f the D N A into a nucleosom al ladder. A ccord ingly, it is not clear w hether the apoptosis seen in cells trans fected w ith cD N A s encoding IC E-like enzym es is triggered directly by the IC E -like proteinase, or w hether expression o f the exogenous proteinase serves as an insult that then triggers the endogenous cell death program .
Tw o types o f further experim ents should facilitate the reso lution o f this issue. A genetic approach w ould be to construct m ice in w hich the gene fo r IC E has been knocked out and then exam ine the ability o f their cells to undergo apoptosis. Inter estingly, the IC E knockout m ouse develops norm ally; and cells isolated from it undergo apoptosis in an apparently norm al fashion in response to several types o f stim uli in culture (Li et al., 1995; K uida et al., 1995) . Thus, IC E itself cannot be essential fo r m ost types o f developm ental cell death, for radiation o r horm one-induced apoptosis in thym ocytes (K uida et al., 1995) or for A T P-induced apoptosis in m acrophages (Li et al., 1995) . To date, only one type o f apoptotic response appears dim inished in the IC E knock m ice, the death o f thy m ocytes in response to anti-Fas antibody (K uida et al., 1995) .
A second approach w ould be to biochem ically characterize the various enzym atic activities involved in apoptosis. This approach has proven difficult w hen live cell m odels o f apoptosis are exam ined. H ow ever, the recent developm ent of cell-free system s for the induction o f apoptosis holds the prom ise o f facilitating this enterprise. Tw o such system s have been developed. One, w hich uses eggs from Xenopus laevis, may be optim ally suited to analysis o f the regulation o f the transition betw een the condem ned and execution phases o f apoptosis (N ew m eyer et al., 1994) . A second system , developed in our laboratory, appears to be best suited for the analysis o f biochem ical events during apoptotic execution o f isolated nuclei. T his latter system uses extracts from the chicken cell line D U 249 (M C29 transform ed epithelial cells) that are harvested as they pass through m itosis w hilst in the condem ned phase o f apoptosis. T he apoptotic insult for these cells is disruption o f the cell cycle by im posing an S-phase arrest w ith aphidicolin. Prelim inary results suggest that it is the arrest in S phase and not aphidicolin per se that is im portant. E xtracts m ade from cells blocked in S phase w ith hydroxyurea appear to have a sim ilar activity (S. Cole, Y.L. and W .E., unpublished).
The pow er o f these extracts is that exogenously added nuclei (up to >105/|ll1) undergo all know n events o f apoptotic execution w ith exquisite synchrony. T his includes not only biochem ical events characteristic o f cells in apoptosis, such as cleavage o f a num ber o f proteins and fragm entation o f the D N A into a nucleosom al ladder, but also the m orphological events that originally form ed the basis fo r the definition of apoptosis. Thus, the nuclei shrink in volum e, the chrom atin condenses against the nuclear periphery, and the condensed chrom atin is packaged into discrete spherical dom ains that are extruded through the nuclear envelope as m em brane-enclosed apoptotic bodies (Lazebnik et al., 1993) . T he rem ainder o f this report sum m arizes results obtained w hen this system has been utilized to characterize the biochem ical activities that are involved in the events o f apoptotic execution.
MATERIALS AND METHODS
Mapping the PARP cleavage site in apoptosis A 4 nl sample of an S/M extract was mixed with 50 jxl of dilution buffer DB (10 mM Pipes, pH 7.0, 50 mM KC1, 5 mM EGTA, 2 mM MgCh, 1 mM DTT) containing 5 |ig of purified bovine PARP. This reaction mixture was incubated for 20 minutes at 37°C and subjected to SDS electrophoresis in a 7.5% polyacrylamide gel. To prevent blockage of the N terminus of the 85 K PARP fragment, the gel was polymerized for 48 hours before the electrophoresis, and 0.1 mM Na thioglycolate was added to the running buffer. After separation, the gel was blotted onto a PVDF Immobilon membrane. The membrane was stained with Coomassie R-250, and the band corresponding to the 85 kDa PARP fragment was excised and subjected to N-terminal amino-acid analysis at the Johns Hopkins University sequencing facility. The sequence determined in this way, GIDEVT, was identical to the Gly 217-Thr 222 fragment of bovine PARP. Therefore, we concluded that PARP was cleaved between Asp 216 and Gly 217. Mapping of the cleavage site was independently confirmed by inhi bition of the PARP cleavage with synthetic peptides.
RESULTS AND DISCUSSION
Apoptosis in S/M extracts
A com plete description o f the cell-free system developed for the study o f apoptosis is presented by L azebnik et al. (1993) . In brief, highly concentrated cytoplasm ic extracts (referred to as S/M extracts) are prepared from chicken hepatom a (DU 249) cells that are arrested in S phase for 10-12 hours w ith aphidi colin (1 |j.g/ml), released from the block, allow ed to progress through the cycle for 6 hours, and then harvested in m itosis after treatm ent w ith nocodazole for a further three hours. A fter addition to S/M extracts, purified nuclei from untreated inter phase cells undergo a dram atic m orphological change w ithin one hour at 37°C. A fter about 15 m inutes, they begin to shrink as the chrom atin condenses around the nuclear periphery. W ith increasing tim e o f incubation, the peripheral chrom atin ring begins to condense into discrete m asses. Finally, the chrom atin m asses appear to bleb o ff from the nuclear surface, em erging as pebble-like apoptotic bodies that stain uniform ly w ith the fluorescent D N A -binding dye D A PI. Both staining w ith the fluorescent lipophilic dye D H C C (3,3-dihexyloxacarbocyanin) and thin-section electron m icroscopy confirm that the nuclear m em brane persists throughout this process: Even the condensed D N A 'p ebbles' are surrounded by a lipid m em brane.
A lthough exceptional cases have been described w here apoptotic death occurs in the apparent absence o f extensive nuclease activity (C ohen et al., 1992; U cker et al., 1992b) , cleavage o f the nuclear D N A into oligo-nucleosom e-sized fragm ents is typically considered to be a hallm ark o f apoptosis (W yllie, 1980; D uke et al., 1983; A rends et al., 1990) . W hen nuclei are added to the S/M extracts, the m orphological changes are accom panied by cleavage o f the chrom atin into a nucleosom al ladder.
A series o f critical controls w ere perform ed to further char acterize this cell-free system: (1) N uclei w ere incubated in extract buffer alone, in extracts prepared from asynchronous cell cultures, or in extracts prepared from cells harvested in m itosis w ithout the preceding S phase arrest. N one o f these nuclei displayed the m orphological or biochem ical changes suggestive o f apoptosis. (2) S/M extracts were introduced into live cells in culture by scrape loading (M cN eil et al., 1984) . C ells that w ere loaded w ith these extracts underw ent a process resem bling apoptosis w ithin 90 m inutes. (3) C ells treated w ith aphidicolin follow ed by nocodazole were released from the m itotic block and allow ed to progress into the next cell cycle. A pproxim ately 7-10 hours after exiting from the m itosis in w hich they w ould norm ally have been harvested for produc tion o f S/M extracts, up to 35% o f the synchronized D U 249 cells had an apoptotic m orphology (presence o f apoptotic bodies after staining w ith D A PI) and up to 45% o f the cells eventually becam e T rypan B lue positive. Thus, although the donor D U 249 cells appeared to be in m itosis at the tim e of harvest they w ere also in the condem ned phase o f apoptosis.
A num ber o f observations support the conclusion that the in vitro process described above is an accurate m odel for the active phase o f apoptosis: (1) T he sequence o f m orphological changes observed in nuclei incubated in the S/M extracts and the final m orphology are highly sim ilar to the pattern o f events that occurs during apoptosis in living cells. T he term inal phase o f the process, cleavage of nuclei into m em brane-enclosed fragm ents, resem bles the final structural changes seen during apoptosis in cultured cells and is com pletely unlike any effect on nuclear structure described to date in cell-free system s derived from m itotic or m eiotic cells (M iake-Lye et al., 1983; progranulocytic leukemia cells were treated with 68 |aM etoposide for the indicated length of time, washed, and subjected to SDS-PAGE followed by immunoblotting with monoclonal antibody C-2-10 as previously described (Kaufmann et al., 1993) . This antibody recognizes an epitope located between the zinc fingers and automodification domains of PARP (Kaufmann et al., 1993; Lamarre et al., 1988) . (B) The in vitro system reproduces the morphological and biochemical changes characteristic of apoptosis. HeLa nuclei were incubated for one hour with either S/M (apoptotic) extract, or RME (real mitotic extract), or DB (dilution buffer) at concentration 50,000 nuclei/pl. Both extracts were pre-diluted to a total protein concentration of 10 mg/ml. (Upper panel) an aliquot of the nuclei from each sample was stained with DAPI to reveal changes in nuclear morphology. (Lower panel) total DNA was purified from the rest of the sample and subjected to electrophoresis in a 1% agarose gel to reveal the cleavage of the DNA to an oligonucleosomal ladder. (C) Time course of cleavage of PARP during apoptosis in vitro. S/M extract was diluted with buffer DB to a final protein concentration of 10 mg/ml, and supplemented with an ATP regeneration system (Lazebnik et al., 1993) . Isolated HeLa nuclei were added at a concentration of 40,000 per pi. After incubation at 37°C for the indicated time, the nuclei (pellet -P) were separated from the extract (supernatant -S) by centrifugation at 12,000 g for 15 minutes, and both were subjected to electrophoresis and immunoblotting with anti-PARP antibody C-2-10. The band between the 116 and 85 kDa forms of PARP represents a cross-reacting species present in nuclei that was seen in some experiments. (D) PARP is cleaved only in extracts that have apoptotic activity. HeLa nuclei, 50,000/pl (left panel) or purified PARP, 20 ng/pl (right panel) were incubated with either S/M extracts or RME for 30 minutes at 37°C. After the incubation, the samples were subjected to electrophoresis and immunoblotting with anti-PARP antibody C-2-10.
1,018 Lohka and M ailer, 1985; Suprynow icz and G erace, 1986; N ew port, 1987; H ogner et al., 1988; N akagaw a et al., 1989) . (2) The tim e required for com pletion o f these events in the S/M extracts is sim ilar to the duration o f the active phase o f apoptosis in intact cells. (3) D epletion o f A TP from S/M extracts disrupts the pattern o f m orphological and biochem ical changes undergone by added nuclei. Instead o f undergoing apoptosis, the nuclear structure appears disrupted in a novel way. N orm al com pletion o f apoptosis in intact cells also requires A TP, and can be prevented by treatm ent w ith 2-deoxyglucose (C otter et al., 1992) or sodium azide (K aufm ann, 1989) . (4) P ulsed field gel electrophoresis has revealed that the reorganization and condensation o f the chrom atin in the S/M extracts is accom panied by cleavage o f the D NA first into dom ain-sized fragm ents o f -1 5 0 kb, and then into fragm ents that are m ultiples o f the spacing betw een nucleosom es (D. Schum aker and W .C.E., unpublished). A sim ilar cleavage to kilobase-sized fragm ents o f DNA follow ed by the generation o f nucleosom e-sized fragm ents has been reported in cells undergoing apoptosis (W alker et al., 1991; D usenbury et al., 1991; O berham m er et al., 1992; Brown et al.. 1993; W yllie, 1980) . (5) T he m orphological transform ations and nuclease activity in the S/M extracts are inhibited by Z n2+ (Lazebnik et al., 1993) . T hese observations parallel the observation that Z n2+ inhibits apoptosis in m urine thym ocytes and inhibits cellular nucleases thought to be involved in apoptosis (Duke et al., 1983; Cohen and D uke, 1984; Flieger e t al., 1989; Cohen et al., 1992) . (6) T he m orphological changes observed in nuclei treated with S/M extracts are accom panied by disassem bly o f the nuclear lam ina and cleavage o f the lam in polypeptides (see below ) w ithout disassem bly o f the nuclear m em branes or nuclear pore com plexes (Lazebnik et al., 1993) . These changes again recapitulate changes observed in intact cells undergoing apoptosis, w here nuclear lam ina disassem bly (Lazebnik et al., 1993) and concom itant lam in cleavage (K aufm ann, 1989; U cker et al., 1992a; Sm ith et al., 1992) have been observed even though nuclear pore com plexes rem ain intact betw een condensed chrom atin dom ains (W yllie et al., 1980) . In summary, the morphological and biochemical changes occurring in nuclei added to the S/M extracts parallel the active phase o f apoptosis observed in intact cells in every feature that has been exam ined to date. M oreover, the S/M extracts have been predictive o f features (e.g. the disassembly and degradation o f the lamina) that had not previously been widely appreciated.
In view o f these sim ilarities betw een events that occur in S/M extracts and events that occur in intact cells undergoing apoptosis, w e have begun to utilize these S/M extracts to char acterize the enzym e activities that are involved in controlling the m orphological and biochem ical transform ations that char acterize the active phase o f apoptosis.
Identification of an ICE-like protease in S/M extracts
C leavage o f the nuclear enzym e poly(A D P-ribose) polym erase (PA RP) is an early event during the execution phase in H L-60 cells treated w ith the topoisom erase II poison etoposide (K aufm ann, 1989) . Fig. 1A show s that a M x -8 5 ,0 0 0 PA R P fragm ent can be detected by tw o hours after initiation o f the treatm ent, roughly coincident w ith the earliest evidence for activity o f the fragm entation nuclease. This fragm ent rem ains stable for several hours thereafter. A sim ilar cleavage o f PA R P occurs in S/M extracts. A s is show n in Fig. 1C (see also L azebnik et al., 1994), all nuclear PA R P is cleaved to an -8 5 kD a fragm ent as soon as nuclei, placed in S/M extract at 37°C, can be centrifuged and placed in SD S-PA G E sam ple buffer (3 m inutes). This fragm ent rem ains stable for at least 30 m inutes upon further incubation o f S/M extracts at 37°C. Several controls indicate the selectivity o f this cleavage. First, PA R P is not cleaved w hen nuclei are incubated in R M E control extracts (Fig. ID ) . Second, proteolysis o f PA R P is not reflec tive o f a general activation o f proteinases in S/M extracts. If nuclei are incubated in the extracts for 60 m inutes and subse quently subjected to SD S-PA G E and staining w ith C oom assie Blue, no significant differences are seen in the b ulk protein dis tribution relative to nuclei incubated in parallel in buffer. C leavage o f a num ber o f specific nuclear proteins w as tested by im m unoblotting w ith specific antibodies before and after incubation in the extracts. Show n in Fig. 1C is an im m unoblot looking at the abundant nuclear protein RC C1. T his protein is not cleaved in S/M extracts, although w ith tim e it becom es p ro gressively solubilized from nuclei and appears to undergo a slight m obility shift. T his could reflect phosphorylation in the m itotic extracts. Im m unoblotting w ith antibodies to topoiso m erase II, S ell and C E N P-C revealed that these proteins are also not cleaved in S/M extracts (data not shown).
T he cleavage o f PA R P that occurs during apoptosis in vivo renders the enzym e insensitive to activation by D N A breaks (K aufm ann et al., 1993) . In order to understand the basis for this change in P A R P function, w e set out to precisely m ap the site o f PA R P cleavage. Initial attem pts to purify the M , -8 5 ,0 0 0 P A R P fragm ent from apoptotic H L-60 cells w ere unsuccessful (S.K ., Serge D esnoyers and G .P., unpublished). The S/M extracts, how ever, provided a pow erful tool for exam ining this problem . A ddition o f purified bovine PA R P to these extracts generated an im m unoreactive fragm ent w ith m obility identical to that seen w hen nuclei undergo apoptosis in the extract or in H L -60 cells in situ ( Fig. 2A ) . T o determ ine the site o f this cleavage, the M r~85,000 fragm ent generated from purified PA R P was isolated and sequenced as described in M aterials and M ethods. A lignm ent o f the resulting N -term inal sequence (G ID EV T) w ith the sequence o f bovine PA R P revealed that cleavage occurred in the follow ing sequence G D E V D^G ID E V T (Fig. 2B) .
T he sequence surrounding the cleavage site had tw o notable features. First, the sequence E V D G is conserved in bovine, hum an and chicken PA R P (Saito et al., 1990; Cherney et al., 1987; Ittel et al., 1991) . Second, the sequence contained an aspartate at the P i position (i.e. im m ediately adjacent to the am ino side o f the sessile bond). To obtain independent confir m ation o f the cleavage site specificity, we exam ined the effect o f tw o 10-m er peptides on the PA R P cleavage reaction. O ne (G D E V D G ID E V ) corresponded to the putative site o f cleavage in PA R P. T he second (G D E V A G ID E V ) had a D ->A m utation at the P i position. A fter establishing conditions w here the protease activity w as rate-lim iting (so that w e w ould b e able to detect the effect o f any inhibitors), w e observed that excess G D E V D G ID E V peptide inhibited P A R P cleavage, but that the D ->A m utant peptide did not.
This result confirm ed the site o f PA R P cleavage. In addition, the failure o f the D->A m utant to com pete suggested a possible identity for the PA R P proteinase. O nly tw o classes o f m am m alian proteinases are know n to require aspartate in the P i position. Interestingly, both o f them , granzym e B and ICE, have been im plicated in apoptosis. The E V D G sequence cleaved in PA R P corresponds to one o f the sequences (site I) w here IC E cleaves sheep and m ouse p ro -lL -ip during m atu ration. H um an p ro -IL -ip has E A D^G at this site; b ut hum an IC E cleaves p ro -IL -ip w ith the sequence E V D^G equally well. Interestingly, the D->A m utation at site II o f p ro -IL -ip abolishes recognition by ICE. This agrees w ell w ith the obser vation that the P A R P peptide containing the D->A m utation failed to act as a com petitive inhibitor for PA R P cleavage.
T hese observations suggest that PA R P is cleaved in apoptosis by a proteinase w ith a cleavage site specificity resem bling that o f ICE. Is the PA R P proteinase IC E itself? Probably not. First, S/M extracts do not cleave recom binant hum an pro-IL-l(3 (Lazebnik et al., 1994) and thus lack canonical IC E activity. This probably indicates that the PA R P proteinase is an IC E -like enzym e rather than the chicken hom ologue o f IC E itself (see below ), although the possibility that chicken IC E fails to cleave hum an pro-IL-l(3 cannot be excluded. Second, purified recom binant hum an IC E is unable to cleave purified bovine PA R P even though it does cleave recom binant p ro-interleukin-1(3. This latter observation not only rules out the possibility that ICE is the P A R P protease, but also reveals the striking selectivity o f the IC E -fam ily pro teinases: IC E cleaves the EV D G sequence w hen it occurs in the context o f p ro -IL -lp , but n o t in the context o f PARP.
ICE-like enzymes and the physiological control of the apoptotic cascade
The archetypal IC E fam ily m em ber w ith a ro le in cell death is the ced-3 gene o f C. elegans. Ced-3 protein is required for all cell death during m orphogenesis o f the nem atode (Y uan and H orvitz, 1990; E llis et al., 1991) . Ced-3 appears to function alone in this respect: no other hom ologous gene has yet been described in the w orm . The only other gene know n to be required for cell death, ced-4, encodes a protein w hose role in the cell death process is currently obscure (Yuan and H orvitz, 1990; E llis et al., 1991) .
T he situation in vertebrates is beginning to appear m ore com plex. M ultiple genes encoding ced-3/IC E -like proteinases appear to exist. To date three structurally related m em bers o f this fam ily have been described in print (C erretti et al., 1992; T hornberry et al., 1992; K um ar et al., 1994; W ang et al., 1994; Fernandes-A lnem ri et al., 1994) , and several others are described in m anuscripts that w ill soon be published. This raises several interesting questions. (1) Do the IC E -like pro teinases lie at the head o f the apoptotic pathw ay in the w ay that ced-3 does in C. e leg a n s i (2) Is m ore than one o f the IC E-like proteinases involved in apoptotic cell death? (3) If the answ er to 2 is yes, are the various m em bers each specialized for (Kaufmann et al., 1993) . HeLa nuclei and purified bovine PARP (Huletsky et al., 1989) were incubated with S/M extract as described above. Samples were then subjected to electrophoresis in adjacent lanes followed by immunoblotting with antibody C-2-10. (B) Identification of the cleavage site in PARP by N-terminal sequence of the 85 kDa fragment. Upper: diagram of the domain structure of PARP. The site of cleavage in S/M extracts is indicated by the arrow. Lower: The amino acid sequence of the cleavage site. The sequence at which PARP is cleaved in S/M extracts is conserved in the bovine (Saito et al., 1990) , human (Cherney et al., 1987) and chicken (Ittel et al., 1991) enzymes (underlined) . (C) The sequence at which PARP is cleaved in S/M extracts corresponds to cleavage site 1 (underlined) in the interleukin-1)3 precursor of sheep and mouse, and differs by a V->A substitution in the human interleukin-1 (3 precursor. This V-»A change has no effect on the activity of human ICE, which cleaves site 1 in the human and mouse interleukin-1 (3 precursors equally well (Howard et al., 1991) . Note that the sequence surrounding cleavage site 2 in interleukin-113 precursor (cleavage of which results in production of mature IL-1 (3) is distinct from that surrounding cleavage site 1, with the exception of the obligatory Asp at P i. (D) Inhibition of prICE activity by a decamer peptide spanning the PARP cleavage site: Asp at the PI position is essential for inhibition of prICE. The methods for this figure are given by Lazebnik et al. (1994) . , an inhibitor so specific for ICE that it can, if coupled to a resin, give a 100,000-fold purification o f the enzym e from crude cytoplasm ic extracts in a single step (Thornberry, 1994) . In the experim ent show n in Fig. 3 , 0.8 |iM Y V A D -cm k inhibited PA R P cleavage by -4 0 % , and 4 |j.M blocked cleavage altogether. This result provides further evidence that PA R P is cleaved by a proteinase resem bling ICE. The m ost striking aspect o f these experim ents, how ever, cam e w hen the effect o f Y V A D -cm k on other apoptotic events in S/M extracts was exam ined. W hen S/M extracts w ere pretreated with Y V A D -cm k, the m orphology o f nuclei subsequently incubated in those extracts was indistinguishable from nuclei incubated in buffer alone (Fig. 3B) . Furtherm ore, after treatm ent o f the S/M extracts w ith Y V A D -cm k, D N A fragm entation to the nucleosom al ladder was also abolished (Fig. 3C) . As a control for general toxicity o f the chlorom ethylketone m oiety, we added TPC K (tosyl-phenylalanyl-chlorom ethylketone) to extracts at 140 (iM. T his had no effect on cleavage o f PARP, the m orphological changes in added nuclei, or digestion o f the nuclear D NA into a nucleosom al ladder (Fig. 3) . Thus Y V ADcm k, an inhibitor that is currently thought to be specific for IC E-like enzym es, abolishes all know n aspects o f apoptosis in S/M extracts, m uch as inactivation of the ced-3 gene inacti vates the cell death pathw ay in C. elegans.
T he second question raised above concerns the num ber of ICE-like proteinases that are required for apoptotic death in vertebrates. D ata from two different sorts o f experim ents indicates that the situation in vertebrates is m ore com plex than that in worm s. First, evidence obtained with the IC E knockout m ouse indicates that IC E is required for Fas-m ediated apoptosis in thym ocytes (K uida et al., 1995) , but not for many other types o f apoptotic death (Li et al., 1995; K uida et al., 1995) . If, in fact, ICE-like enzym es are involved in develop m ental, radiation and A T P-induced apoptosis, then the enzym es involved m ust differ from canonical ICE.
E xperim ents from our laboratory raise the possibility that m ultiple ICE-like enzym es m ight be involved in the apoptotic pathw ay in a single cell type. T his conclusion com es from experim ents in w hich the cleavage of PA R P and the nuclear lam ins w ere com pared in S/M extracts. Proteolytic cleavage o f the lam ins is a feature o f apoptosis in a variety o f cell types (K aufm ann, 1989; U cker et al., 1992a) . W e have recently show n that lamin proteolysis is also a feature o f nuclear apoptosis in S/M extracts (Lazebnik et al., 1995) . C om parison o f the lamin protease w ith the PA R P protease revealed that these two activities can be distinguished from each other on the basis o f three observations. (1 (B and C) YVAD-CMK inhibits all apoptotic changes in vitro. HeLa nuclei were incubated for 1 hour at 37°C in aliquots of S/M extract that had been pre-incubated with the indicated concentrations of YVAD-CMK, DMSO or TPCK as described above. (B) An aliquot of nuclei from each sample was stained with DAPI to reveal changes in nuclear morphology. (C) Total DNA was purified from the rest of the sample and subjected to electrophoresis in a 1 % agarose gel to reveal the cleavage of the DNA to an oligonucleosomal ladder.
10 m inutes after the proteolysis o f P A R P has been com pleted.
(2) T he lam in proteinase is sensitive to T LC K (tosyl-L-lysyl chlorom ethylketone), and the PA R P proteinase is not. (3) The lam in proteinase is 10-to 100-fold m ore sensitive than the PA R P protease to Y V A D -cm k w hen both activities are m easured sim ultaneously in the sam e extract. The last o f these observations argues strongly that an IC E like enzym e is required for cleavage of the lam ins in apoptosis. Is this the PA R P proteinase? A pparently not. G iven the different sensitivities o f the two proteinases to Y V ADcm k, they appear to be different proteinases. It could be argued that PARP and the lam ins are cleaved by a single proteinase, albeit with very different efficiencies. T his model could explain the differences in kinetics o f PA R P and lam in cleavage. In addition, if T L C K affects the proteinase only slightly, then a difference m ight be seen in the relatively inef ficient lam in cleavage, but m issed under conditions w here PA R P cleavage is extrem ely rapid and efficient. H ow ever, this argum ent breaks dow n w hen w e consider the differential sen sitivity o f the tw o activities to Y V A D -cm k. T his agent, w hich is present in considerable m olar excess over either o f the sub strates, binds directly to the active site o f IC E-like proteinases and inactivates them irreversibly. Any given enzym e will be inactivated by a characteristic concentration o f Y V A D -cm k (determ ined by the binding constant); and this inactivation will apply to all o f its substrates equally. The observation that the lam in protease is 10-to 100-times m ore sensitive than the PA R P protease to Y V A D -cm k cannot be reconciled w ith a model in w hich one enzym e catalyzes both reactions. The upshot o f this argum ent, therefore, is that S/M extracts m ust contain two IC E -like enzym es. These could operate in parallel or in series: presently available data do not distinguish these tw o possibilities. H ow ever, this is the first com pelling evidence that the role o f IC E fam ily m em bers in the apoptosis o f ver tebrate cells is likely to be significantly m ore com plex than is the case in C. elegans.
Why cleave the lamins in apoptosis?
W e have taken advantage o f the differential sensitivity o f the PA R P and lam in proteinases to T L C K to explore the conse quences o f inactivation o f the lamin proteinase. This turns out to have significant consequences for the apoptotic pathway. N orm ally w hen nuclei are added to S/M extracts, the first visible m anifestations o f the apoptotic response are seen at about 15 m inutes, with the collapse o f the chrom atin into a condensed ring around the nuclear periphery. Subsequently this ring becom es broken into individual dom ains that further coalesce into spherical m em brane-enclosed apoptotic bodies. W hen nuclei are added to extracts that have been pretreated with TLCK , the first o f these m orphological changes takes place norm ally, but the process then stops. Even after extended incubations, the peripheral condensed chrom atin ring shows no sign o f subdivision or form ation o f apoptotic bodies.
These observations suggest that lam in cleavage is necessary to disrupt the interactions betw een the lam ins and DNA, thereby freeing the D N A condensed at the nuclear periphery to segregate into individual apoptotic bodies. In theory the sam e result could have been achieved by lamin phosphoryla tion, as occurs in m itosis. H ow ever, the changes that occur at the nuclear envelope during m itosis and apoptosis are funda m entally different. Lam in phosphorylation in m itosis is accom panied by breakdow n o f the nuclear m em brane into small m em brane vesicles and the nuclear pores into constituent subunits (G erace and Blobel, 1980) . In contrast, the nuclear m em brane and nuclear pores rem ain m orphologically intact during apoptosis, w ith the condensed chrom atin dom ains being covered by an attenuated layer o f m em brane (W yllie et al., 1980) . The differing strategies for nuclear lam ina disassem bly in m itosis and apoptosis presum ably reflect the fact that the form er is cyclic w hile the latter is irreversible.
Conclusions
At the present tim e there is a good deal of interest in the char acterization o f the novel biochem ical activities that accom plish the disassem bly o f the cell during apoptosis. O f these activi ties, the proteinases have proven to be m ost accessible to study w ith current m ethods and reagents. O ur know ledge o f the apoptotic nucleases has lagged, largely due to the difficulties in studying the action o f these enzym es during apoptosis. Y et to be characterized are other factors that induce the conden sation o f the chrom atin at the nuclear periphery and its sub sequent packaging into apoptotic bodies. W e presum e that the discovery o f the agents involved in these processes w ill tell us not only about the m echanism s o f cell death, but should yield im portant revelations into the structure of the nucleus as well.
